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ABSTRACT 
 
 All three burning plasma experiments discussed at Snowmass 
during the summer of 2002, use preloaded structures to resist some 
component of the operating loads. For the resistive pulsed reactors, 
it is the preloads which introduce the most noticeable creep 
responses because these loads are applied for much longer than the 
operating loads. If the preloads are maintained during shut-down 
and maintenance periods, then the structure experiences the preload 
stresses at room temperature. OFHC copper has significant creep 
behavior, predominantly at high stress and high temp, but copper 
experiences finite creep even at cryogenic temperatures. The 
Beryllium copper used in the FIRE inner leg has better creep 
properties than OFHC copper.  
  The purpose of these analyses is to characterize the influence of 
creep on the magnets of the Fusion Ignition Research 
Reactor(FIRE) and compare it with the creep response of the other 
proposed burning plasma experiments.  The concern is that the 
desirable features provided by coil preloads will be lost over the 
lives of the experiments. Structural finite element models of FIRE 
and IGNITOR are used with creep equations derived from NIST[6] 
data to explore the structural sensitivity of the machines to creep. 
For both FIRE and IGNITOR, copper coil material, creep has been 
found to have a minimal effect on magnet performance. 
IGNITOR's generally lower stresses (with respect to FIRE’s BeCu 
TF stresses) and the use of active as well as passive preload 
systems helps reduce creep to acceptable levels. FIRE's structure is 
more sensitive to creep due to the free standing wedged TF coil, 
but the BeCu used in FIRE's inner TF legs has a much lower creep 
behavior than ETP or OFHC copper. This reduces creep to 
acceptable levels. For FIRE, however, there is some creep in the 
horizontal legs which relaxes some of the support of the inner leg. 
Recommendations are presented to support the OFHC copper 
horizontal legs more effectively.  More work is needed to address 
the multiple load-unload cycling effects on creep.  
 
I. INTRODUCTION 
 
The mission of the FIRE project, is discussed in [1] and 
engineering issues are discussed in [2], and [3].  The toroidal 
field (TF)  coil system of the FIRE tokamak utilizes 
inertially cooled, copper alloy Bitter plate type magnets 
which are LN2 cooled between shots.  . The TF coils 
produce a field on axis (R0=2.14 m)  of 10T with a flat top 
time of 20.0 s.  The. The inner leg utilizes C17510 high 
strength, high conductivity beryllium copper alloy conductor 
developed for the BPX project. The outer leg is OFHC 
copper. The TF coil arrangement for FIRE is a partially 
cased, wedged or vaulted design with a free-standing central 
solenoid (CS). FIRE's  high elongation and double null 
plasma results in high overturning moments; it is primarily 
for this reason that the wedged configuration was adopted. 
A large structural ring has been added that provides 
additional wedging pressure. This is shown in figure 1 as 
what appears to be the largest of the PF coils.  The 
characteristics of the TF coil system are given in Table 1. 
Table 1.  Characteristics of the FIRE TF Coil System 
No. coils: 16 
Turns/coil: 15 
Bt, T 10 
R0, m 2.14 
Cooling method LN2; inertially cooled. 
Coil initial  temp. 80°K 
Max. permitted temp.  373°K 
Time between shots, 3 Hr.  
 
Figure 1. Twelve Sector Symmetry Expansion of the 1/16 
Cyclic Symmetry FIRE structural model 
 
II.CREEP BEHAVIOR OF MATERIALS 
 
Creep is the slow deformation of a material under a stress 
that results in a permanent change in shape. Creep 
phenomena increase with stress, time and temperature. 
Creep is determined by a competition between recovery and 
work-hardening material properties. The term “recovery” 
describes all the mechanisms through which a material 
becomes softer and improves its ability to undergo 
additional deformation while the term “work-hardening” 
stands for all the processes that make the material more 
difficult to deform as it is strained. 
Primary creep is characterized by the work-hardening 
behavior of the material. As the strain increases, softening 
occurs and it leads to the steady state (secondary creep) in 
which recovery and hardening processes balance one 
another. Tertiary creep is the result of micro-structural and 
mechanical instabilities such as cavities, cracks, grain-
boundary separations, etc. that result in a local decrease in 
cross-sectional area and consequent higher stress levels. 
 The time variant creep rate makes multiple loading cycles 
difficult to model. It is not certain whether multiple loading 
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experiences additive primary creep each time the loading is 
applied. Attempts to represent a reasonable loading 
sequence are complicated by the uncertain nature of the 
planned operation.  
 
III CREEP MODELING: 
 
Creep equations compatible with the ANSYS input for creep 
are developed for copper and BeCu, based on published 
NIST data[6]. In ANSYS 5.7 only isotropic creep can be 
modeled. In the FIRE analysis, the orthotropic moduli were 
unchanged. In the IGNITOR analysis, the modulus of the 
coils susceptible to creep was input as an average before the 
creep equation was input. The solution procedure requires a 
load analysis with the creep effects turned off prior to the 
"RATE,ON" command in the next load step which 
calculates the creep strains. This is evidently applied to the 
orthotropic stress components.  
     The OFHC creep data has been fitted using the following 
equation: 
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C1= 0.31e-13  C2= 1.1 
C3= -0.8   C4= 140 
This corresponds to creep equation #11 in the ANSYS input 
options, called time hardening, and is used to model primary 
and secondary creep. The coefficients above fit the 
ETP/OFHC copper. OFHC copper has significant creep 
behavior, predominantly at high stress and high temp, but 
copper experiences finite creep even at cryogenic 
temperatures. There is adequate static creep data available 
for OFHC copper. There is much less information available 
for C17510 Beryllium Copper. There is some data available 
for OFHC cyclic creep, but this has not been included in this 
evaluation, because the largest creep stains have been found 
from the preload applied and maintained through shut-down 
and maintenance periods. 
 
IV. STRUCTURAL ANALYSIS MODEL 
 
ANSYS is used for all the finite element models They have 
been developed ass a part of the design efforts for their 
respective projects. [4],[5],[6]:. Mesh generation is typically 
done with special purpose codes which also are used for 
some magnetics, (that don't involve current diffusion.) There 
are many interacting surfaces in FIRE and IGNITOR that 
require special modeling techniques. The creep models use 
material and geometric (gap element) non-linearities. The 
FIRE structural model is for the 2.14m major radius version 
of FIRE.  
 
   The non-linear models have been used to quantify the 
wedged TF coil slippage, and to investigate the feasibility of 
using the ring to obtain enough case toroidal compression, to 
support OOP loads by friction. Response of the coil system 
is path dependent when frictional effects are considered. The 
full pulse must be simulated. A typical analysis includes 
deadweight/ring preload, cooldown, precharge, start of flat 
top(SOFT), start of burn(SOB), end of burn(EOB), end of 
flat top(EOFT), end of pulse, Hot(no load), and cool prior to 
next pulse. Each of these load steps is divided into 30 to 40 
substeps, each of which has a minimum of 2 equilibrium 
time steps and sometimes many more. For the creep 
simulations one load step is chosen, either the Preload step 
or the EOB step. In some runs the fully loaded pulse was 
simulated once the creep strains were calculated to 
investigate the effects of a loss in preload on the response to 
the normal pulse loading. 
 
IV CREEP BEHAVIOR IN TOKAMAKS AND LARGE 
COIL SYSTEMS 
 
   Pulsed experiments typically are at full load a very small 
percentage of the lifetime of the experimental program. 
Even though FIRE and IGNITOR are resistive machines, 
they are at their higher temperature limits a small amount of 
time. The temperature limits are 240K for IGNITOR's TF 
and 373K for FIRE's TF.  Because of the expense and time 
required for cooling the machine to it’s operating 
temperature, most of the life of the experiment is spent 
sitting at cryogenic temperatures. All three proposed burning 
plasma experiments use preloaded structures to resist some 
component of the operating loads. It is the preloads which 
introduce the most noticeable creep responses because these 
loads are applied for much longer than the pulse loads. If the 
preloads are maintained during shut-down and maintenance 
periods, then the structure experiences  the preload stresses 
at room temperature. Vacuum pressure impregnated epoxy 
coils exhibit some permanent dimensional changes after 
loading. The ITER CS model coil showed some relaxation 
of the preload after the first warm-up [8] The TF coils being 
considered in this analysis are expected to be less sensitive 
to creep of the insulation systems. FIRE’s insulation is 
planned to have thin high pressure laminate with pre-preg 
sheets between Bitter plates. These are cured under pressure. 
This should eliminate voids and local stress raisers that 
contribute to the changes seen in VPI systems. Insulation 
makes up less than 10% of the TF build. Additionally, it is 
expected that the high confinement, and high glass density 
of the insulation between the solid Bitter plates of FIRE will 
remove insulation creep as a concern, but this will need to 
be confirmed, especially as a part of the coil wedge-face fit-
up requirements. The wedged faces of the 16 coil assemblies 
must fit tightly to eliminate the voids and local high spots 
that might cause relaxation of the toroidal compression in 
the coil  provided by the ring preload. 
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V. LOADING 
 
    The preload specification, and the 7.7 MA, 10T scenario 
are used in the FIRE analysis.  The IGNITOR model uses 
the 12 MA scenario: Three different load cases are 
investigated using the finite element models of FIRE, and 
IGNITOR . 
 
  1) Influence of creep on  the structural stresses with the 
static pre-loads applied at 292 K,  during shut-down or 
assembly periods 
  2) Influence of creep on the structural response with the 
static preloads applied at the appropriate cold temperatures 
for the experiment. 80K in the case of FIRE and 30K in the 
case of IGNITOR.  
  3) Influence of creep at energized conditions.  
 
Creep/relaxation of the copper conductor in FIRE and in 
IGNITOR is a concern because of the use of preload to 
offset the operating loads. The time under full load is small 
for all three burning plasma experiments - a few hours, but 
the time under preload, both warm and cold is measured in 
years. Once in operation, it is desirable not to have to adjust 
the preload system. In the case of FIRE, the machine is 
assumed to have an operational schedule of four pulses per 
day for one full power year (FPY).  The D-T pulse burn is 
20 seconds with 3 hours between pulses.  The actual 
operating plan is difficult to predict at this point. A proposed 
plan was presented at Snowmass 2002. This includes many 
more pulses at lower power and intermediate temperatures. 
For the present creep simulations, four full power  pulses per 
day is assumed to envelope the eventual operational plan. 
The times under various loadings, have been calculated for 
IGNITOR with an attempt to equivalence full power shots 
and the more numerous low power shots. This was done 
using the creep equations. The FIRE times were taken more 
arbitrarily close to those selected for IGNITOR with the 
intent of providing a basis of comparison with the IGNITOR 
response.   
 
Table 2 Simplified Experimental Plans Used in Creep 
Analysis  
 IGNITOR FIRE 
Program duration 10 yrs 10 yrs 
Design number of full 
power shots 
525 3000 
Design number of 
reduced power shots 
20,000 30,000 
Time TF is fully 
energized 
18.22 hrs 
(equivalent) 
17 hrs 
Time cold and un-
energized 
8.3 years 8.3 years* 
Time at Room 
Temperature with 
1.7 years 1.7 years* 
preload applied 
The out-of-plane (OOP) loading in the inner coil is large in 
FIRE, because of the use of highly shaped plasmas and a 
high toroidal field. TF inner leg wedge pressures are 
important for FIRE to sustain torsional stresses that result 
from the out-of-plane loads. A usual problem in wedged 
tokamaks is the loss of wedging pressure in the inner corners 
of the “D” shaped coil. This is due to the outer leg bursting 
force being reacted by horizontal leg tension. In FIRE, the 
bursting force and the horizontal leg tension are reacted by a 
large structural ring that is loaded by a system of radial 
jacks. With the coils not energized the ring load produces 
radial compression in the horizontal legs, and 
circumferential wedging pressure in the inner corners of the 
TF. Loss of this corner wedging compression over time 
would reduce the machine’s ability to resist OOP loading. In 
FIRE the large external ring  provides circumferential 
compression in the case as well as the TF inner leg. Case 
compression is intended to provide frictional support for the 
global OOP loads. Copper creep or creep of the insulation 
between the Bitter plates, would change the load shared 
between TF and case, reducing coil compression and 
increasing the case compression. The ratio between these 
two loads is established at initial assembly with a shim detail 
at the outer TF ledge. If creep is a significant effect it must 
be factored in to the assembly fit-up.   
 
VI FIRE RESULTS 
 
An analysis of all OFHC copper coils was done to identify 
sensitive areas of the coil structure and to compare with the 
response of the IGNITOR  reactor. Using the same 
materials, Fire is sensitive to creep in the corner wedged 
area (fig. 2), and IGNITOR is sensitive to creep at the 
equatorial plane minimum section of the TF inner 
leg.(fig.4).After 8.3 years of only preload at cold operating 
temp for FIRE the creep strain was much below that for the 
shorter time (1.7years) at room temperature. For 1.7 years at 
room temperature the creep strain is .005. Note that the 
strains are in the inner leg corners where the wedging 
preload is intended to be sustained. The larger strains are in 
the area where frictional torsional shear capacity needs to be 
maintained. If insulation creep is significant, in the 
circumferential direction, this could be of concern.   
With  BeCu copper inner legs, FIRE’s sensitivity to creep is 
shifted to the horizontal legs which remain OFHC copper. 
The section of the horizontal leg which experiences the 
creep strain is where the radial compression and vertical 
shear is largest. The vertical shear results from a weakly 
supported cantilevered section of the copper that is not 
backed by massive case structures. This can be improved. 
This is the source of the loss in vertical compression in the 
inner leg.  
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Table 3 Creep Response of FIRE’s TF coils. BeCu inner leg 
and OFHC horizontal leg 
Area/Stress Load 
Case 
Nominal After 1.7 years 
of   Preload 
Only at RT 
 
Corner wedge 
pressure  
Preload 
at RT 
-220 -150 
Max VM Creep 
Strain at corner 
wedge area 
Preload 
at RT 
0.0 .0004(RT) 
Max VM Creep 
Strain in hor.leg 
Preload 
at RT 
0.0 .006(RT) 
Mid-plane Inner 
Leg Vertical 
Stress, CS side 
Preload 
at RT 
-81.9 CS 
side 
-38.8 
plasma 
side 
-34.4 CS side 
-14.1 plasma 
side 
 Preload 
at 80K 
-76.6  
 
 
VII ITER FEAT 
 
ITER FEAT also uses a large compression ring to maintain 
wedging in the inner corners of the TF coil. This is similar 
in purpose to the ring used in FIRE, to resist out-of-plane 
shear. ITER  uses poloidal pins in the corners to improve 
shear capacity. These  must 
be seated in their grooves 
properly for the local 
stresses to be acceptable. 
The ring preload keeps 
theses pin/groove areas 
tight. Friction is not directly 
relied on for carrying the 
OOP shear, but excessive 
slippage might  produce 
enough frictional energy to 
cause a quench.. Uniaxial 
fiberglass support straps are 
used for cold mass supports in many magnets, and creep 
measurements for these systems [10],[11] indicate that the 
ITER design may be feasible, but creep measurements at the 
stress levels contemplated for these rings are recommended. 
 
VIII IGNITOR 
 
Design of IGNITOR seeks to achieve a near hydrostatic 
compressive stress state in the inner leg of the TF. To 
achieve this,  the vertical separating force in the inner leg 
must be  offset and the leg preloaded in compression. This is 
accomplished through the use of static preloading, with a 
large external ring,  and an active magnetic press. It was 
understood in the addition of the active press, that this had 
advantages in creep performance. The IGNITOR design 
report includes a statement that "the two horizontal press 
configuration has the advantage that the permanent load 
applied at room temperature is decreased by a factor of 
about 1.6. Thus the TFCs copper creep rate is decreased.”. 
IGNITOR’s preload system is primarily intended to offset 
the vertical separating force in the inner leg. A loss in the 
initial vertical compression adds to the coil VonMises at 
operating loads. The peak EOB stress is increased by 14 
MPa while the average inner leg stress increases 20 MPa. 
Creep tends to flatten the stress distribution in the inner leg. 
Before creep, the vertical stress differs by 55 MPa across the 
radial build, and this is reduced to 44 MPa after creep. Creep 
that results from loads retained while at cryogenic 
 
Fig. 4 ITER FEAT 
compression  ring [9] 
 
Fig. 2 Creep strain for 8.3 years at 80K based on OFHC 
copper properties in the inner leg. This is shown for 
illustrative purposes. BeCu is actually used, but this 
analysis shows the regions where FIRE’s structural 
concept would produce the largest creep effects.  
 
Fig. 3 FIRE Room Temperature Creep. The BeCu 
inner leg experiences minimal creep and the OFHC 
copper horizontal legs show a substantial creep in the 
region where the horizontal leg is poorly supported by 
the case structure.   
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temeperatures produces much lower strain than for creep at 
RT. These results are tabulated below. 
 
 This table also shows the structural design impact on the 
creep behavior of the two machines if FIRE used OFHC 
copper in its inner leg.  
 
Table 4 FIRE Creep Response for all ETP or OFHC copper 
TF coils. 
Area/Stress Load 
Case 
Nominal After 1.7 
years of   
Preload Only 
at RT 
(file=CRSIT) 
After 8.3 
years of 
Preload 
Only at Cold 
Operating 
Temp 
 
Corner 
wedge 
pressure  
Preload 
at RT 
-220 -100  
 Preload 
at 80K 
-200  -140 
Max VM 
Creep 
Strain at 
corner 
wedge area 
Preload  0.0 .0054(RT) .0019(80K) 
Mid-plane 
Inner Leg 
Vertical 
Stress, CS 
side 
Preload 
at RT 
-81.9 -32.3  
 Preload 
at 80K 
-76.6  -55.3 
 
Table 5 IGNITOR Creep Response for ETP copper TF coils. 
Area/Stress Load 
Case 
Nominal After 1.7 
years of   
Preload Only 
at RT 
(file=CRSIT) 
After 8.3 
years of 
Preload 
Only at 
Cold 
Operating 
Temp 
 
Mid-plane 
Inner Leg 
Vertical 
Stress CS 
side 
Preload at 
RT 
-126 -85.4  
Mid-plane 
Inner Leg 
Vertical 
Stress 
Preload at 
80K 
-109   
Mid-plane 
Inner Leg 
Vertical 
Stress, CS 
side 
Preload at 
30K 
-71.0  
 
 -70.6  
 
Mid-plane 
Inner Leg 
Von Mises  
EOF at 
Approp. 
Op. temps 
280 CS 
side 
225 
plasma 
side 
294 CS side 
250 plasma 
side 
280 CS 
side 
225 
plasma 
side 
Max VM 
Creep 
Preload 0.0 .0028(RT)  
Strain 
Mid-
plane 
Inner Leg 
 
VI. CONCLUSION 
 
Fig. 5 IGNITOR VonMises Creep Strain after 1.7 
years at RT 
 
For both FIRE and IGNITOR, copper coil material creep has 
been found to have an acceptable effect on magnet 
performance. IGNITOR's generally lower stresses (with 
respect to FIRE’s BeCu TF stresses) and the use of active as 
well as passive preload systems helps reduce creep to 
acceptable levels. FIRE's structure is more sensitive to creep 
due to the free standing wedged TF coil, but the BeCu used 
in FIRE's inner TF legs has a much lower creep behavior 
than ETP or OFHC copper. This reduces creep to acceptable 
levels. For FIRE, however, there is some creep in the 
horizontal legs which relaxes some of the support of the 
inner leg. It is recommended that the case structure be 
extended and stiffened to support the OFHC copper 
horizontal legs more effectively.  More work is needed to 
address the multiple load-unload cycle effect on creep. 
Creep effects on the fiberglass bands used in the ITER-
FEAT have not yet been quantified. Work done for 
fiberglass cold mass support straps supports ITER’s concept. 
The ITER project indicates that steel bands could be 
substituted if needed.   
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